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June 27, 1970 was a significant day 
for our understanding of both the flow 
of information in biological systems 
and the evolution of eukaryotic 
genomes as this was the day that 
Nature published back-to-back 
papers reporting the discovery of 
an enzyme that copies RNA into 
DNA. This soon became known 
as reverse transcriptase and the 
RNA tumour viruses in which it was 
detected were renamed retroviruses. 
The realisation that retroviruses can 
convert their genomic RNA into DNA 
provided a route by which they could 
integrate into the chromosomes 
of infected cells as Howard Temin 
and his colleagues had proposed 
some years earlier. At the time it 
was thought that the ability to copy 
RNA into DNA would be confined to 
retroviruses. One of the more startling 
outcomes of whole genome DNA 
sequencing has been the discovery 
that eukaryotes can have more 
reverse transcriptase genes than 
genes coding for any other protein, 
and that the largest single component 
of many eukaryotic genomes 
has been generated by reverse 
transcription.
Elements containing these reverse 
transcriptase genes are generally 
referred to as retrotransposons 
because they can move from 
place to place in a genome by 
reverse transcription of an RNA 
transposition intermediate. They are 
not the only transposable elements 
present in the genomes of eukaryotes. 
A second group, the DNA 
transposons, transpose by a non-
replicative cut and paste mechanism 
that is mediated by the element-
encoded enzyme transposase. 
These are usually less abundant than 
retrotransposons, and in humans 
and mouse are only represented by 
defective copies.
What retrotransposons are there?
LTR retrotransposons
There are two types of 
retrotransposon distinguished 
by their DNA sequence topology 
and mechanism of transposition. 
Primer LTR retrotransposons can be recognised because they have a 
direct repeat a few hundred base 
pairs long at each end (Figure 1). 
These are the long terminal repeats 
(LTRs) from which they get their name. 
The first indication that there might be 
such elements was the identification 
of direct repeat sequences flanking 
DNA that is itself repeated throughout 
the Drosophila melanogaster genome. 
When the structure of one of these 
elements was presented at a meeting 
in Cambridge, Massachusetts in 
1976, David Baltimore, who was in 
the audience, stood up and said that 
he thought that these were copies 
of the integrated proviral DNA of a 
retrovirus, something of a surprise 
as insects were not known to have 
retroviruses. The prescience of 
this comment became clear when 
the DNA sequences of proviruses 
and LTR retrotransposons were 
determined some time later. This 
revealed that they are not only similar 
in DNA sequence organisation but 
also in protein-coding capacity.
Transcription of retroviral RNA 
initiates in one proviral LTR and 
terminates in the other. The 
termination site in the right hand LTR 
is a few bases beyond the sequence 
corresponding to the initiation site 
in the left hand LTR and as a result 
the genomic RNA has a short repeat 
at each end (Figure 2A). The three 
retroviral genes, gag, pol and env, 
each code for a primary translation 
product that is processed to generate 
the viral proteins. The gag gene 
products form the core of the virion 
within which there are two copies of 
genomic RNA associated with reverse 
transcriptase, RNAse H and integrase, 
all encoded by the pol gene, and 
base-paired to a tRNA that will be the 
primer for reverse transcription. As 
the virion buds from an infected cell 
it acquires an envelope derived from 
the cell membrane that includes env 
proteins that facilitate infection of 
target cells.
The virion loses its envelope as it 
enters an infected cell and reverse 
transcription takes place in the 
remaining core particle within the 
cytoplasm. The tRNA primer is base-
paired to a sequence near the 5´ end 
of the genomic RNA (Figure 2A; 1) 
and as a result DNA synthesis soon 
reaches the 5´ end of the template but 
can continue as the last few bases of 
the newly synthesised DNA can base-pair with the repeat sequence at the 
3´ end of the genomic RNA (Figure 2A; 
3). DNA synthesis can then continue 
to the 5´ end of the RNA template. 
Synthesis of the second DNA strand 
is primed by fragments of RNA 
remaining at a purine-rich sequence 
after RNAse H has degraded the 
genomic RNA and, as is the case for 
first strand synthesis, requires that 
the newly synthesised DNA switch 
templates, in this case from one end 
to the other (Figure 2A; 7). The result 
of these molecular gymnastics is 
a linear double-stranded DNA with 
an LTR at each end. This enters the 
nucleus together with viral proteins, 
including the integrase that allows the 
3´ OH of each strand of the viral DNA 
to attack the target chromosomal 
DNA at sites a few base pairs apart 
to give newly integrated proviral 
DNA flanked by a short target site 
duplication, usually 4–6 bp long.
LTR retrotransposons, like 
retroviruses, have a potential tRNA 
primer binding site, a polypurine tract, 
and genes clearly related to gag and 
pol with some having a third gene 
equivalent to env. These similarities 
in sequence organisation and coding 
capacity indicate that retroviruses 
and LTR retrotransposons are 
variations on a single theme, the main 
difference being that retroviruses 
form infectious virions that allow 
them to move horizontally from cell to 
cell, whereas LTR retrotransposons 
are restricted to moving from site to 
site within the genome of a single 
cell, doing so using the mechanism 
of a retroviral life cycle. Full length 
retrotransposon RNA with terminal 
repeats has been detected, as have 
nucleoprotein particles containing 
gag proteins and linear double-
stranded retrotransposon DNA, and 
LTR retrotransposons are flanked 
by target duplications similar to 
those of proviral insertions. It is 
even difficult to distinguish between 
retroviruses and retrotransposons 
on the basis of their ability, or not, to 
produce infectious particles as the 
D. melanogaster LTR retrotransposon 
gypsy, which has a third open reading 
frame, is associated with an infectious 
agent that can transfer gypsy from 
one individual to another.
Non-LTR retrotransposons
As type II restriction enzymes became 
readily available digests of total 
genomic DNA indicated that the 
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highly repeated sequences that could 
be seen as prominently staining 
bands above a background smear 
after agarose gel electrophoresis. 
These fragments turned out to be 
derived from two classes of repeated 
sequence short repeats, now known 
as SINEs, and long repeats called 
LINEs. LINE elements also contain 
a reverse transcriptase gene, but 
unlike LTR retrotransposons they 
have no terminal repeats, either 
direct or indirect, and as a result 
they are referred to as non-LTR 
retrotransposons (Figure 1).
A typical non-LTR retrotransposon 
has two open reading frames 
(Figure 1). The first of these 
encodes an RNA-binding 
protein while the second codes 
for a nuclease, usually related 
to an apurinic-apyrimidinic 
repair endonuclease, a reverse 
transcriptase, and in some cases an 
RNAse H domain. Although there is 
no sequence repeated at the ends of 
a LINE element, there is an adenine 
rich sequence, usually poly(A), at the 
3´ end of the coding strand.
The structure and sequence of the 
first LINE elements to be studied in 
detail made it clear that although they 
transpose by reverse transcription of 
an RNA intermediate, the mechanism 
by which this is achieved must differ 
from that used by LTR elements, 
most obviously because there is no 
sequence to which a tRNA primer 
can bind. This has proved to be the 
case. Instead of priming reverse 
transcription from RNA base-paired 
to genomic RNA, synthesis of LINE 
element DNA is primed by the 3´ OH 
at a single-strand break made by the 
element-encoded nuclease at the 
integration site, effectively welding 
the new copy into the target site as 
it is made, a mechanism that has 
been named target-primed reverse 
transcription.
The RNA transposition intermediate 
of a LINE element is transcribed 
from an atypical RNA polymerase 
II promoter that lies within the 
transcribed sequence, ensuring 
that each full-length LINE can 
be transcribed wherever it has 
integrated and is not dependent on 
the activity of an adjacent promoter. 
This RNA is both the transposition 
intermediate and the mRNA coding 
for proteins required for transposition. 
It is translated in the cytoplasm Figure 1. Structure of retrotransposons.
LTR retrotransposons are generally 5–7 kb long. They are characterised by having long termi-
nal direct repeats (grey) a few hundred base pairs long between which there are open read-
ing frames equivalent to the gag (orange) and pol (dark blue) genes of a retrovirus. The gag 
gene products associate with transcripts of the LTR retrotransposon to form virus-like particles 
while the pol gene encodes integrase, reverse transcriptase, and RNAse H domains. The gag 
and pol genes overlap so that translation of pol requires a frameshift as is the case for retroviral 
transcripts. The protease that processes the primary translation product of gag and pol may 
be encoded by either of these genes. Some LTR retrotransposons have a third open reading 
frame (green) similar to a retroviral env gene. The product of env is translated from a spliced 
gag–env RNA. LINEs are autonomous non-LTR retrotransposons. They have two open read-
ing frames. The first, ORF1 (brown), encodes an RNA-binding protein that associates with the 
LINE transposition intermediate. The second, ORF2 (light blue), encodes nuclease, reverse 
transcriptase and, in some cases, RNAse H domains. LINE elements are transcribed from a 
promoter (red) within the first few nucleotides of the element and there is an adenine-rich 
sequence (yellow), usually poly(A), at the 3´ end. SINEs are non-autonomous non-LTR retro-
transposons about 300 bp long. They are related to genes transcribed by RNA polymerase 
III and contain Box A and Box B sequences characteristic of an internal Pol III promoter. Alu 
elements are the predominant SINE elements in the human genome and are derived from 7SL 
RNA genes (green). Other SINEs, such as MIR elements in mammals, have a 5´ sequence 
derived from a tRNA gene (lavender) and a 3´ sequence (brown) similar to the 3´ end of a LINE 
element. SVA elements are more complex non-autonomous elements containing sequences 
related to Alu elements (green), a VNTR (variable number tandem repeat, pink), followed by 
a sequence from the 3´ end of an HERVK endogenous retrovirus (purple), including the LTR. 
SINES and SVA elements also have a 3´ poly(A) sequence (yellow). The elements in this figure 
are not drawn to scale.to give the products of ORF1 and 
ORF2 and these bind preferentially 
to the RNA from which they have 
been translated. The LINE RNA 
and associated proteins then move 
into the nucleus and find a site for 
integration. This takes place at an A/T 
rich sequence where the element-
encoded nuclease cuts one DNA 
strand (Figure 2B). The adenine-rich 
sequence at the 3´ end of the LINE 
RNA base pairs with thymidines 
at the chromosomal DNA break, 
allowing reverse transcriptase to initiate DNA synthesis primed by the 
3´ OH of the broken strand. Second-
strand DNA synthesis is primed using 
the 3´ OH at a break in the other 
strand of chromosomal DNA a few 
nucleotides from the first. This results 
in a newly integrated LINE element 
flanked by a target site duplication, 
slightly longer and more variable in 
length than those associated with 
LTR retrotransposons, with any gaps 
sealed by host repair enzymes.
Most copies of a LINE element are 
incomplete, having lost a variable 
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(A) LTR retrotransposons: the RNA transposition intermediate (brown) of an LTR retrotransposon has a tRNA (blue) base-paired to a sequence, 
the primer binding site, near its 5´ end (1). This serves as the primer for DNA synthesis by reverse transcriptase (2). The first sequences to be 
copied are the unique sequence at the 5´ end of the RNA (U5, red) and a short repeat sequence (R, green) present at both ends of the RNA. Re-
verse transcription can continue because the copy of R on the newly synthesised DNA can base pair with the complementary sequence at the 
other end of the RNA (3). This allows DNA synthesis to proceed (4), starting with the unique sequence U3 (purple) adjacent to R, and continuing 
until U5 and R are copied a second time. The RNA template is degraded by RNAse H (5), leaving a fragment at the poly-purine tract to prime 
second strand DNA synthesis. Reverse transcriptase has to switch templates again using complementarity between the two copies of R and U5 
(7). Synthesis then proceeds in both directions to give double-stranded DNA with and LTR, made up of U5, R and U3, at each end (8). Integrase 
inserts this into chromosomal DNA, and transcription initiating in one LTR and terminating in the other generates genomic RNA with terminal 
repeats (9). (B) Non-LTR retrotransposons: the RNA transposition intermediate (brown) together with reverse transcriptase and nuclease (not 
shown) associates with chromosomal DNA (black) at an A/T rich sequence and the nuclease makes a single strand break adjacent to a run of 
thymines (1). This allows the poly(A) sequence at the 3´ end of the RNA to base pair with DNA at the break (2). Reverse transcriptase can then 
synthesise DNA (blue) using the 3´ OH at the break as primer (3). The nuclease makes a break in the opposite strand of chromosomal DNA a few 
nucleotides from the first (4). Template RNA is removed by RNAse H (5) allowing the new 3´ OH to prime synthesis of the second DNA strand (6) 
and host repair enzymes to complete integration (7).length of sequence from the 5´ end of 
the coding strand, probably because 
reverse transcription frequently 
terminates before the first strand of 
DNA is complete. These truncated 
copies cannot transpose as the 
promoter required for transcription of 
the RNA transposition intermediate 
will have been lost. Full length 
elements with a mutation affecting 
a critical region of either ORF1p 
or ORF2p probably also transpose 
rarely, if at all, because of the 
preferential association of these 
proteins with their own mRNA. As a 
result, only about 100 of the 850,000 
copies of the major LINE element, LINE-1, in the human genome are able 
to transpose.
SINEs — non-autonomous, non-LTR 
retrotransposons
SINE elements have managed to 
amplify to high copy number within 
eukaryotic genomes by subverting 
the LINE transposition machinery 
to their own ends, despite the 
preference of LINE element proteins 
for binding to LINE RNA. SINEs have 
no coding capacity and in most 
cases are hybrid elements with the 5´ 
sequence derived from a tRNA and 
the 3´ region related to the 3´ end 
of a LINE. The former contains an internal RNA polymerase III promoter 
ensuring that transposed copies will 
be transcribed into RNA for further 
cycles of retrotransposition, while the 
LINE-related sequence presumably 
allows the SINE RNA to be recognised 
by proteins encoded by the 
corresponding LINE (Figure 1).
The predominant SINEs in humans 
and other primates are known as 
Alu elements because they contain 
a site for the restriction enzyme 
AluI. They are made up of two 
7SL RNA related sequences, the 
first of which contains a Pol III 
promoter, and a 3´ poly(A) sequence. 
LINE-mediated retrotransposition 
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poly(A) sequence and a conserved 
internal sequence corresponding 
to the region of 7SL RNA that is 
bound by the SRP9/14 proteins 
of the signal recognition particle. 
As these interact with ribosomes 
they may bring Alu RNA into 
proximity with LINE RNA as it is 
being translated, thus facilitating 
retrotransposition.
SVA elements (Figure 1) form a 
further family of non-autonomous 
retroelements in humans and 
non-human primates present at a 
relatively low copy number of a few 
thousand per genome. They also 
have a composite structure, with a 5´ 
Alu-like sequence, a VNTR (variable 
number of tandem repeats) region, 
a sequence derived from the 3´ end 
of the human endogenous retrovirus 
HERV-K, including the LTR, and a 3´ 
poly(A). The length and sequence of 
the target site duplications flanking 
SVA elements, plus the sequence 
composition of the elements 
themselves, suggest that they are 
mobilised by the LINE elements and 
there is experimental evidence to 
support this.
Regulation of retrotransposition
Transposition is essential for the 
survival of a retrotransposon, 
ensuring that it is not lost by chance 
or eroded by mutation. The only 
transposition events that can save 
a retrotransposon from this fate 
are those that take place in the 
germ-line. Germ-line transposition 
is also significant for the host, 
and in humans it is estimated that 
about 0.3% of mutations are the 
result of retrotransposon insertions. 
Transposition is not confined to 
the germ-line, however. There is 
evidence that LINE elements can 
transpose in the human embryo 
before the separation of soma and 
germ-line, and they transpose in 
neural cells both in vitro and in vivo, 
raising the interesting possibility that 
the resulting genetic heterogeneity 
within the brain may have functional 
consequences. Somatic LINE 
transpositions have also been 
detected in several cancers, 
although whether or not this 
contributes to tumour progression is 
unclear.
Unrestrained retrotransposition 
would spell doom to both the 
elements concerned and any genome in which they were active 
so it is not surprising that there 
should be mechanisms that restrict 
their activity. The main mechanism 
regulating transposition in animals is 
RNA interference, the regulation of 
gene activity via the action of short, 
20–30 nucleotide, non-coding RNAs. 
In the germ-line this is primarily 
mediated by short RNAs associated 
with the Argonaute protein Piwi, and 
hence called Piwi-interacting RNAs 
(piRNAs). These are predominantly 
antisense, unlike other short RNAs, 
and in Drosophila are generated 
from transcripts of both functional 
elements on the chromosome arms 
and arrays of non-functional elements 
in pericentromeric heterochromatin, 
through the action of Piwi and the 
related proteins Aubergine and 
Argonaute 3. A similar pathway 
involving Piwi-like proteins generates 
piRNAs in the mouse germ-line. 
Precisely how piRNAs regulate 
transposition is unclear but it 
probably involves both degradation 
of retrotransposon RNA and targeted 
chromatin modification to reduce their 
transcription.
Short RNAs also regulate 
retrotransposons in somatic 
cells, in this case mainly via more 
conventional siRNAs. These do not 
show the strand bias of piRNAs and 
are probably derived from fortuitous 
hairpin RNAs and overlapping 
sense and antisense transcripts. 
There is not a strict separation of 
responsibilities between piRNAs 
and siRNAs, however, as mutations 
affecting siRNA production can 
affect retrotransposition expression 
in germ cells and piRNAs have a role 
in at least some somatic cells. Plant 
retrotransposons are also regulated 
by siRNAs again through RNA 
degradation and targeted chromatin 
modification.
Retrotransposons and genome 
evolution
The likely evolutionary history 
of retroelements is indicated 
by comparison of their reverse 
transcriptase sequences. This 
suggests that LTR retrotransposons 
evolved from non-LTR 
retrotransposons by acquisition of 
an integrase, possibly from a DNA 
transposon as the catalytic domain 
of integrases and transposases 
are related, and that retroviruses 
evolved from LTR retrotransposons by incorporating envelope genes from 
other viruses.
Retrotransposons inevitably 
increase in number as they transpose. 
About 40% of the DNA in most 
mammalian genomes is recognisably 
retrotransposons, mostly LINEs 
or SINEs, or retrotransposon-
related sequences. In plants they 
can be even more abundant, 
although in this case these are 
mostly LTR retrotransposons. 
Estimates of the current frequency 
of retrotransposition in the human 
genome suggest that there is a new 
LINE-1 insertion in between 1 in 20 
and 1 in 200 individuals, a new Alu 
insertion in about 1 in 20 individuals, 
and a new SVA insertion in about 1 
in 900. This rate has varied widely 
over the last 35 million years or 
so and retrotransposon insertions 
are valuable molecular markers 
for studies of human and primate 
genome evolution.
Rather less is known about the 
frequency of retrotransposition 
in plant genomes. A remarkable 
degree of sequence diversity has 
been found in a 100 kb region of 
the maize genome when compared 
between eight different strains, largely 
due to the presence or absence of 
retrotransposon insertions. It would 
be rash to extrapolate from maize to 
plants in general, especially given 
its unusual genetic history. This, 
and other examples, indicates that 
retrotransposition is an on going 
process in plants.
Retrotransposons have contributed 
to the evolution of genomes and 
genes in ways that go well beyond 
simply increasing genome size; 
although this expansion goes a 
long way to explaining the C value 
paradox, the lack of a sensible 
relationship between genome size 
and biological complexity that 
puzzled molecular geneticists 
forty years ago. Retrotransposition 
also affects genomes on a small 
scale. They inactivate genes by 
inserting within them, change gene 
expression by separating a gene 
from a regulatory sequence or by 
bringing a new regulatory element 
into its vicinity, alter gene products by 
modifying patterns of RNA splicing, 
generate new genes by incorporating 
an adjacent sequence into the RNA 
transposition intermediate and 
inserting it elsewhere in the genome, 
and allow large-scale genome 
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Retrotransposons are indicated by wide boxes shaded in red. Genes are indicated by narrow boxes with solid colour and chromosomal DNA 
is indicated by lines. An L-shaped arrow indicates regulatory sequences. A gene may be disrupted by insertion of a retrotransposon (1), and 
this may be associated with deletion of adjacent DNA (2). Transcription of the transposition intermediate may occasionally extend into adjacent 
sequences to include a neighbouring gene. As a result, a copy of the gene, perhaps with its introns removed, may be inserted at a new site in 
the genome, together with the retrotransposon (3).  Normal expression of a gene may be disrupted if a retrotransposon inserts between it and 
a sequence that regulates its expression (4), if a retrotransposon introduces a new regulatory sequence adjacent to it (5), or if RNA processing 
is altered by splice sites within a retrotransposon inserting within it (6).  As retrotransposons are repeated throughout the genome they can 
serve as sites of non-allelic homologous recombination. Intrachromosomal recombination between copies inserted in the same orientation will 
delete the intervening DNA (7). Intrachromosomal recombination between copies in the opposite orientation will invert the intervening DNA (8). 
Recombination between misaligned copies on the same chromosome will result in DNA duplication and deletion (9). Recombination between 
copies of a retrotransposon on different chromosomes will generate a reciprocal translocation (10).rearrangement by acting as sites for 
non-allelic homologous recombination 
(Figure 3).
There is a tendency to speak of 
retrotransposons as if they are alien 
sequences that threaten peace-loving 
genes working for the organism by 
coding for RNAs and proteins that 
keep it going. This is most obvious when regulatory mechanisms are 
said to have evolved to protect 
the genome from invasion by 
transposable elements and viruses, 
and when retrotransposons that 
have led to an obviously beneficial 
function, such as the non-LTR 
retrotransposons that form the 
telomeres of chromosomes in Drosophila, are said to have been 
domesticated. There is clearly 
some justification for this view as 
transposable elements, including 
retrotransposons, do occasionally 
enter a genome horizontally by one 
means or another. Nevertheless, 
we should not forget that reverse 
transcriptase and the forebears of 
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existed long before there were 
well organised genomes, and that 
retrotransposons have played a major 
role, either directly or indirectly, in 
amplifying the DNA from which genes 
with more day-to-day functions have 
evolved. Retrotransposons are an 
integral part of the genome and may 
well turn out to be the main engine of 
genome evolution.
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Modern humans (Homo sapiens) last 
shared a common ancestor with two 
types of archaic hominins, Neandertals 
and Denisovans, roughly 800,000 
years ago, and the population leading 
to modern H. sapiens separated 
from that leading to Neandertals and 
Denisovans roughly 400,000 years 
ago [1–4]. Genome sequences for 
these two types of archaic hominins 
have been reported [1,2]. They 
were determined by sequencing 
ancient DNAs using techniques that 
generated many short sequence 
reads. Here, we analyzed individual 
sequence reads used to assemble the 
published Neandertal and Denisovan 
genomes for insertions of Human 
Endogenous Retrovirus K (HERV-K) 
DNA. Virus–host DNA junctions were 
identified that defined 14 proviruses 
where modern humans contain the 
corresponding, empty, preintegration 
site. Thus, HERV-K reinfected germ 
lineage cells of Neandertals and 
Denisovans multiple times, and these 
events occurred around the time of or 
subsequent to the divergence of the 
archaic hominin lineages from that 
leading to modern humans. One of the 
proviruses was shared by Neandertals 
and Denisovans, which is consistent 
with the hypothesis that these archaic 
humans shared a common ancestor 
more recently than they shared one 
with the lineage leading to modern 
humans.
Retroviral DNA — remnants of 
ancient retrovirus infections of 
germline cells — comprises 8% 
of the modern human genome. 
Only one retrovirus, the HML2 
subgroup of Human Endogenous 
Retrovirus K (HERV-K), reinfected the 
human lineage subsequent to the 
divergence from the lineage leading 
to chimpanzees (Pan troglodytes) 
and bonobos (Pan paniscus) [5–7] 
approximately 6 million years ago. 
To test the hypothesis that HERV-K 
was active in the Neandertal and 
Denisovan lineages, we searched 
Correspondences genomic sequences from them for the presence of virus–host DNA junctions.
Individual proviruses (integrated 
retroviral DNA including solo long 
terminal repeats, LTRs) can be defined 
and identified by their positions within 
a host genome. Junctions between 
retrovirus and host DNAs occur at 
the ends of the viral LTRs (Figure 1). 
Retrovirus DNA insertion occurs in a 
process that removes two base pairs 
(bp) from each end of the viral genome 
and duplicates a short segment of 
host DNA immediately flanking the 
covalently joined viral DNA, 5 or 6 bp 
in the case of HERV-K. Proviruses 
present at a precisely orthologous 
position in two genomes must have 
derived from a single integration 
event in a common ancestor, as the 
probability of two insertions at the 
exact same position (homoplasy) is 
small. Conversely, proviruses present 
at a site unique to one lineage likely 
formed after the lineages diverged. 
Alternatively, unique proviruses may 
have formed immediately before 
divergence followed by differential 
segregation of the provirus and empty 
site alleles in the subsequent lineages 
and might account for some fraction 
of proviruses unique to one lineage [8].
To search for virus–host junctions, 
the sequences from each end of HERV-
K (Figure 1) were used as queries in 
FASTA searches on individual DNA 
sequence reads previously obtained 
from Neandertal and Denisovan 
fossils [1,2]. To identify individual 
proviruses unambiguously, retrieved 
reads were required to have at least 
20 bp of human DNA immediately 
adjacent to an LTR (Figure 1). Most 
of the proviruses identified were also 
present in modern humans and thus 
formed in a common ancestor of all 
three lineages (Agoni et al., in prep). 
However, 14 Denisovan and three 
Neandertal virus–host junctions were 
identified (Figure 1) for which the 
modern human genome contained the 
corresponding empty site, including 
junctions from both ends of two 
proviruses (HERV-K-De2 and De3). 
Several of the junctions were identified 
in independent sequence reads 
(Supplemental information). These loci 
represent instances where modern 
humans contain the unambiguously 
ancestral alleles (the empty sites), 
while Neandertals or Denisovans 
carried newly derived alleles [9]. 
Further sequencing of the ancestral 
hominins could provide insights into 
